A continuing growth in the demand for faster cellular networks is driving the development of the forthcoming fifth generation of wireless networks, namely 5G. In comparison to previous generations of cellular networks, 5G networks have higher data-transfer rates, with low latency. However, increasing the data-transfer rate requires using high-frequency transmissions, which are susceptible to interference by obstacles like buildings and trees. Deployment of 5G networks, especially in urban areas, must take such obstacles into account when installing new antennas. It is required to carefully select antenna locations, in order to guarantee high coverage and reliability of the cellular network.
INTRODUCTION
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To increase data-transfer rate and decrease latency, 5G networks use a variety of technologies, including the following.
• Wider frequency spectrum. Millimeter-wave spectrum is the band of spectrum between 30 GHz and 300 GHz. By using high-frequency transmissions, including millimeterwave spectrum, 5G is capable of increasing the data-transfer rate to support high-speed wireless broadband communication [18] . However, the high-frequency waves have a short wave length, so they have a limited transmission range and they are highly affected by physical obstacles like buildings and trees. For effective transmission, the transmitter and the receiver should be withing line-of-sight from each other. • Small cells. To cope with the limited transmission range of antennas, many small cells are deployed [7] . Each small cell is a cellular access point that covers a small area and is connected to the core network, via fibers, radio or in some other way. The coverage area of a small cell is affected by obstacles. For millimeter waves, the coverage area is the area which is within line-of-sight from the antenna. • Massive MIMO. To increase their capacity, antennas contain an array of transmitters and receivers, to support multiple input and multiple output (MIMO). Such antennas can manage many parallel streams of data and serve many devices concurrently [25] . • Beamforming. When deploying an array of receivers, transmitters or transceivers, it is essential to prevent interference caused by mutual effects of transmissions. By selective use of constructive and destructive interference, transmissions are formed as beams that target a particular spatial location, e.g., to transmit to a particular device without interfering with transmissions to nearby devices. This approached is called beamforming [20] .
These technologies are combined to increase data-transfer rate, serve many devices concurrently, and reduce the latency of cellular connections. However, for millimeter waves, obstacles like buildings and trees affect the signal strength and can even block the signal. Locations for small cells should be selected while taking into account the following two properties.
(1) Coverage. The coverage of the network comprises all the areas within line-of-sight from a cellular antenna. The goal is to maximize this area to provide a wide coverage. (2) Spatial Continuity. The areas from which a cellular antenna is visible should be overlapping or touching each other, to guarantee continuity of the service. Gaps between areas may cause disconnections which could result in bad quality of service.
Providing high coverage and continuity requires carefully planning the locations of the antennas. This problem receives a growing attention, e.g., see planning systems by Altair (HyperWorks) 1 , Forsk 2 , RanPlanWireless 3 , Samsung 4 , Siradel 5 , Teoco 6 , and Reference [16] . Effective deployment of 5G networks is based on planing spatial configuration of the network, with optimized layout. That is, deployment that would minimize the number of antennas while providing high coverage and continuity.
Existing solutions for 5G planning are applied to a particular city model, where the model specifies the obstacles (buildings and trees). However, some cities rapidly change, in a variety of ways. The number of buildings may increase, the height distribution of buildings may change (e.g., when tearing down old buildings to construct higher buildings), areas may change their nature (e.g., turning a park into a neighborhood), etc. Such changes may affect the coverage of a particular network configuration. To test the effect of changes on the network and evaluate the resilience of the network to urban changes, there is a need to simulate the changes, and test the network coverage and spatial continuity over the simulated model. For example, a tested model could represent a case where there is a 50% increase in the height of 5% of 2-story buildings in the city. Using such a model it is possible to test the effect of the change on the cellular coverage. The simulation may reveal that there is a need to add antennas or position antennas on higher poles, to achieve resilience to changes of this type.
The first step of an urban-change simulation is specifying the change. This requires a language or a method to define the simulated model. In this paper we present SimCT-a tool for Simulating and evaluating Cellular Transmissions in evolving cities. We introduce the approach of specifying urban evolution as a histogram of changes. We show how to define changes, compute the simulated model and test the effect of the simulation on a deployed network. The main contribution of this paper is in presenting a novel method to specify and simulate urban evolution, and test the effect of changes on a 5G network configuration.
FRAMEWORK
We present now our framework and the notations we use. The model is a 3D model, however, to simplify the discussion, when it is clear from the context we refer to objects as 2D objects on a 2D map, and in that case, the z-coordinate is 0.
Model. Our model of an urban area consists of buildings, trees, roads, lakes, parks and poles. A model is a pair M = (O, C) of obstacles and constraints, where O = (B,T ) consists of a set B of buildings and a set T of trees; and C = (R, L, P a , P o ) is a 4tuple where R, L, P a and P o are sets of roads, lakes, parks and poles, in correspondence, to represent constraints on locations of buildings, trees and antennas. Each road is represented as a polyline-a sequence p 1 , . . . , p k of k points, where each point is a node and there is an edge between every pair of nodes p i and p i+1 , for all 1 ≤ i ≤ k − 1. Each building, tree, lake, and park is represented as a polygon-a closed shape defined by a sequence of k points p 1 , . . . , p k , where there is an edge between every pair of consecutive points p i and p i+1 , for all 1 ≤ i ≤ k − 1, and there is an edge connecting p k and p 1 . Poles are represented as points. Buildings, trees and poles have a height attribute. A model M can be depicted as a map, e.g., see in Fig. 1 a map of an area in Atlanta, GA, extracted from OpenStreetMap 7 (OSM). Green areas are parks, buildings are depicted in dark gray and roads are white or yellow.
Obstacles and Constrains. We consider buildings and trees as obstacles because they may block cellular transmissions. Each building or tree has a height. Accordingly, each buildings b ∈ B is a prism represented as (poly = {p 1 , . . . , p k }, h), where poly is the polygon defining the shape of the buildings and h is the height of the building. That is, a building is a 3D polyhedron created by the polygon {(p 1 , 0), . . . , (p k , 0)} as a base and the polygon {(p 1 , h), . . . , (p k , h)} as a second based, where the bases are connected by the edges ((p i , 0), (p i , h)), for all 1 ≤ i ≤ k. Trees are represented in the same way, that is, each tree is a pair of polygon and height. We consider poles as potential locations for antennas. Roads, lakes and parks are examples of spatial constraints that limit the locations of new buildings, when simulating addition of new buildings to the area. In our framework, a building cannot be added to the model if it intersects a road, a lake, or a park. This can easily be generalized to additional types of constraints, e.g., that a building should not be closer than 50 feet to a railroad.
Heights of buildings and trees are part of the Data Surface Model (DSM). They are extracted by processing LiDAR measurements [2] . The LiDAR measurements provide a high-density set of points (l, h), where each point consists of (i) a location l, given as a pair of longitude and latitude, and (ii) height h. The height of a building/tree is computed by taking the median of the height of points inside the polygon of the building/tree. The reason for using median rather than average is to avoid the effect of outliers, e.g., if the boundaries of a building are imprecise, some points could be on the ground surrounding the building, and affect the average height. However, other functions like max or average could be used in lieu of median.
Line-of-sight. Given the 3D model M, where buildings and trees are prism polyhedrons, with height, a line-of-sight (LoS) predicate is a function that for each pair of points returns True if the straight line connecting the points does not intersect any building, tree or other 3D object on the map, and False otherwise. To simplify the discussion, we do not take here Fresnel zones into account. Fresnel zones define a buffer around the line-of-sight propagation, with a radius that is a function of the distance from the receiver and the transmitter-the radius grows when getting closer to the midpoint between the receiver and the transmitter. This buffer should be free of obstacles [6] in order not to cause interfere that blocks short-wave electromagnetic radiation.
Coverage. The coverage area of an antenna ψ is the area where there is cellular reception through ψ . The precise radio propagation model is not the focus of this paper, so we simplify it. See references [19] and [17] for details. The transmission range of an antenna is limited. Let λ be the range limit of ψ . Given an antenna ψ located at 3D point (x, y, z), with range λ, the coverage area of ψ comprises all the points (x ′ , y ′ , 0) that are (i) within line-of-sight from (x, y, z) in the model M, and (ii) the Euclidean distance between (x ′ , y ′ , 0) and (x, y, z) is smaller than or equal to λ.
For an antenna ψ with range λ, on a pole with height h, if there are no obstacles then the area on the ground covered by ψ is a circle with radius
Sector antennas are directional and only cover a sector ς. The sector can be specified as a 3-tuple ς = (θ 1 , θ 2 , r ), where θ 1 is the degrees from the north where the sector starts, θ 2 is the degrees from the north where the sector ends, and r is the radius. See illustration in Fig. 2 . Another common way to specify a sector is by providing the beam direction and the beam width. Both ways are equivalent. Given a model M and a set A of points defining locations of antennas, the coverage of A is the union of the areas covered by the antennas in A.
Road Coverage. Since millimeter waves cannot penetrate walls, our focus is on the coverage of the roads. In an urban area we consider the road coverage as the percentage of road segments on which there is cellular reception, that is, the percentage of roads for which there is an antenna withing line-of-sight (in the case of directional antennas, the antenna should be headed toward the considered road segment).
TESTING COVERAGE
We discuss in this paper two approaches to test the coverage of cellular antennas. The standard approach, referred here as AntToRd, examines each antenna and tests what are the areas that are within line-of-sight from that antenna. A novel approach we present, referred here as RdToAnt, examines for road segments whether they have a line-of-sight to any antenna. These approaches can be used to test the road coverage.
AntToRd: From Antenna to Road
The standard approach for computing the coverage of an antenna while taking propagation models into account is to apply ray casting, which is a simple form of ray tracing [5, 9] . In AntToRd, the antenna is a source of light that emits rays in all directions. In a directional antenna, the rays are limited to the direction of the antenna and the sector it covers. When a ray hits the ground without intersecting any obstacle and without exceeding the range limit λ, the pixel on the ground is colored. (An obstacle is a building, tree, and in some applications it could also be any elevated DSM point.) The observer (camera) is located where the antenna is, and all the visible surfaces within the range limit form the covered area. To apply the AntToRd approach, there is a need to execute the method for all the antennas, and then combine the colored (seen) areas. Fig. 3 illustrates the computation of rays casting by sending rays in all directions and clipping rays that are blocked by an obstacle. The obstacles are extracted based on a LiDAR point cloud and are not presented here because the point cloud is very dense. For illustration purposes, we present the rays rather than the points where they hit the ground.
In AntToRd a constant number of rays is emitted in different directions. Thus, the total number of rays is O(n a ), where n a is the number of antennas. That is, the running time of AntToRd depends on the number of antennas. AntToRd has two main weaknesses. First, because it works on a pixel-level granularity, it may provide different results at different zoom levels. Second, because the computation is for each antenna separately, an increase in the number of antennas would increase the computation time. This affects the scalability of the methods, and this is problematic given that 5G networks require deploying many small cells.
RdToAnt: From Road to Antenna
As an alternative to AntToRd, we present the RdToAnt method. As the names suggest, in RdToAnt directions of the rays are reversed, in comparison to AntToRd. To illustrate the approach imagine a service like Google StreetView or Bing StreetSide, where the observer is located on the street. Then, the observer can look around and check whether a small cell or an antenna is visible from her/his location. Note that when the observer turns around, it is actually the scene that is rotated and shifted. In each point, the visible antennas are marked. Road segments from which no antenna is visible are uncovered by the tested network configuration. Alg. 1 provides the details of RdToAnt, and see illustration of the parameters in Fig. 4 .
In RdToAnt, if each road segment has a fixed number of antennas near it, then the number of rays tested by the algorithm is O(n r ) when n r is the number of road segments. The RdToAnt algorithm has the advantage that it is less affected by the number of antennas than AntToRd. Furthermore, there is no need to examine many rays for each antenna. After rotating the scene, the antenna is either visible or hidden.
URBAN CHANGES
Our main goal is testing the effect of urban changes on the coverage. We now discuss the types of urban changes considered in this paper, how to specify these changes for a simulation and how to compute the changes.
Algorithm 1 RdToAnt
Input: Model M of the area, a set A of antennas Output: Road coverage as a list R of covered road segments 1: let λ be the maximum range of antennas in A 2: for each road segment r in the model M do 3: let A r be all the antennas within distance λ from r 4:
for each antenna a ∈ A a do 5: put the camera in the location r looking horizontally to the north, and rotate the scene to look towards a, as follows 6: let (x r , y r , z r ) be the coordinates of r 7: let (x a , y a , z a ) be the coordinates of a 8:
if y a < y r and x a ≥ x r then 14: θ ← 180 − θ 15: else if y a < y r and x a < x r then 16: θ ← θ + 180 17: else if y r ≤ y a and x a < x r then 18: θ ← 360 − θ 19: end if 20: rotate the scene −θ degrees horizontally 21: rotate the scene −ϕ degrees vertically 22: if antenna a is visible in the rotated scene then 23: add (r , a) to R 24: end if 25: end for 26: end for 27: return R
Types of Urban Changes
When a city evolves, different changes may occur. Since our goal is to examine obstacles that may affect millimeter-wave cellular transmissions, we focus on changes related to buildings and trees. However, our approach can be easily generalized to cope with other types of obstacles.
Increase in the number of buildings. When a city grows, the number of buildings increases. Sometimes, an increase in the number of buildings leads to a decrease in the number of trees. The change could be in areas of different size. For instance, it could be driven by a construction of a building at a specific location, or an increase in the number of buildings in some neighborhood, without specifying where in the neighborhood the buildings should be constructed. Furthermore, newly constructed buildings may have different heights. The height of added buildings could have a critical effect on the cellular coverage. Note that added buildings should comply with the constrains included in the model. For example, new buildings should not be built in areas that intersect roads, rivers, lakes or other buildings. Similar constraints may be applied to trees.
Changes in building height. Often, buildings in evolving cities are demolished to clear space for skyscrapers. Large-scale constructions could lead to a noticeable change in building height, around the city or in particular neighborhoods.
Changes in area type. There are different types of areas in a city. For example, parks are different from residential neighborhoods. In a typical park there are very few buildings, and new buildings cannot be built in a park as long as the park remains a park. The type of area may affect the type of buildings, their height and density. For example, there could be differences between a residential neighborhood, a financial district and an industrial or commercial area. The type of area often affects the building-height distribution and the building density, that is, the number of buildings per area unit. But as the city evolves, areas may change their type. A city park may turn into a residential neighborhood. An industrial area may turn into a financial district, etc. Such changes could affect the number and height of buildings in the area.
Defining Urban Changes
One of the challenges in simulating urban evolution is defining the desired type of change. In an area with tens of thousands of buildings and trees, creating a simulation by specifying precisely every change to every building and every tree is impractical. There is a need to have a general specification method. In this section, we discuss a method of using histograms to specify urban changes. The histograms specify how the height distribution of buildings changes when adding or reconstructing buildings.
There are two types of histograms for specifying urban changesone with partition into equal-size ranges and one with partition into quantiles. Next, we elaborate on them.
A histogram is a schematic representation of the height distribution by creating k bins and counting the number of buildings in each bin. The number k is a parameter that allows the user to control the resolution of the representation, that is, the sensitivity to height differences. When k is large, there are many bins, so the model can distinguish better between different heights. Decreasing k reduces the sensitivity but makes the representation more compact and the computations more efficient.
Equal ranges. An equal-range height histogram partitions the height range into k bins with equal height range. Let h max be the height of the tallest building in the area. The range [0, h max ] is partitioned into k bins B 1 , . . . , B k . The count for bin B i is the number of buildings whose height h satisfies
For example, if the tallest building is 100 meters high and k = 5 then the first bin contains the buildings whose height is in the range (0, 20], that is, 0 < h ≤ 20. The second bin contains the buildings in the range (20, 40] , and so on. Height histogram represents the height distribution of buildings in the studied area. If there are c i buildings in bin B i and there are n buildings in all the bins altogether, then p = c i n is the probability that a uniformly selected building will be in bin B i , that is, will have a height in the height range that defines B i .
The main disadvantage of height histogram is that bins have different sizes. Some bins could be more populated than others. Furthermore, very high buildings could lead to a highly nonuniform distribution. For instance, suppose that in a city the height of almost all the buildings is less than 100, there are a few buildings whose height is between 100 meters and 200 meters, and there is one building whose height is 500 meters. In a histogram with 5 bins, almost all the buildings will be assigned to the first bin, a few will be assigned to the second bin, there will be no building in the third and fourth bins, and just one building assigned to the fifth bin. This can be mitigated by increasing the value of k but most of the bins will still remain empty. Histograms based on quantiles prevent this.
Quantiles.
A quantile histogram partitions the height range of buildings into k bins with variable height range, such that there is a similar number of items in each bin. Suppose that there are n buildings in the area, and n is divided by k. Let b 1 , b 2 , . . . , b n be the list of all buildings sorted by height. Let s = n k be the number of items in each bin. Then, for all 1 ≤ i ≤ k, bin B i contains the buildings b (i−1)·s , . . . , b i ·s , so the height range it is associated with
If n is not divided by k, say n = xk + y for y < k, then in the first x bins there are n k + 1 items, and in the other k − x bins there are n k items. Quantile histogram represents the height ranges of the different building groups. For every bin B i , if a building is selected uniformly from all the buildings then the probability that the building is in bin B i is 1 k .
Changing Height Distribution.
Testing the effect of a particular height change on a particular building (or on a given set of buildings) can be done directly by updating the database and testing the effect of the change on the coverage. But more general simulations require specifying the distribution change, without pointing out specific buildings. For example, there could be a desire to simulate a change where there are 10% more skyscrapers in the city. Such a change would modify the height distribution. Our goal is to allow users to specify the change in height distribution.
Definition 4.1. Given height histogram H with k bins over a model M with n buildings, a distribution-change specification is a sequence of k values δ 1 , . . . , δ k that specify the change in bins B 1 , . . . , B k of H , respectively, such that the following conditions are satisfied.
(1) For all 1 ≤ i ≤ k, −100 ≤ δ i ≤ 100.
In Definition 4.1, Condition 1 requires that the percentage of change would not exceed 100. A positive percentage means growth and a negative percentage is a decrease. Condition 2 specifies that the total sum of changes is 0, because no objects are added or removed, only the height distribution is modified. Condition 3 requires that the number of items transferred from a bin B i to other bins would not exceed the initial number of items in B i . where 15% of the total number of buildings are removed from B 1 (that is, 30 buildings are removed) 5% are added to B 2 (i.e., adding 10 buildings) and 10% (20 buildings) are added to B 3 . This represents a case where low buildings (in B 1 ) are demolished to make room for higher buildings (B 2 and B 3 ) . The result distribution is (70, 80, 50).
Modify Command. A command to define the simulation should specify the area and the change in distribution. The area is specified as a polygon, e.g., using the same syntax as in PostGIS. The change specification is a sequence of k numbers, as in Definition 4.1. The Modify command receives a change specification and an area and applies the change to a given table and attribute (e.g., table Buildings and attribute height), considering only the buildings in the given area. For example, in the following query a histogram with 5 bins is created for the given polygonal area and modified by −10, −10, 0, 15, 5, according to Definition 4.1.
To have variable ranges instead of fixed ranges, the Modify Ranges command should be executed. The MODIFY and MODIFY RANGES commands allow users to specify the height distribution in particular areas in order to test the effect of the change on the cellular coverage.
In some cases it is easier to specify the result distribution, instead of specifying the change. For example, providing the counts [10, 40, 30, 12, 8] , the result should be that 10% of the buildings will be in the first bin, 40% in the second bin, 30%, 12% and 8% in the third, fourth and fifth bins, receptively.
A specification of the end result is a sequence [p 1 , . . . , p k ] such that (1) for all 1 ≤ i ≤ k, 0 ≤ p i ≤ 100, and (2) k i=1 p i = 100. Clearly, it is easy to switch from a specification of the result histogram to a specification of the differences as in Definition 4.1, and vice versa.
When the target histogram is provided, instead of the difference, the command should be 'modify to' instead of 'modify by', MODIFY Building.height TO [10, 40, 30, 12, 8] LIMIT TO ST_Polygon((75 29.3 1,77 29 1, 77.6 29.5 1));
where [10, 40, 30, 12, 8] is the target histogram.
Adding Buildings.
Adding new buildings is more complicated than modifying the height distribution. First, there is a need to specify the height histogram of the result. A simple way to mitigate this is to add buildings such that the existing histogram is preserved, and if there is a need to change the histogram, this can be done independently, using a MODIFY command.
Second, there is a need to add buildings in such a way that does not violate constraints, e.g., an added building should not be in the middle of a lake, should not intersect roads and highways, etc. This requires finding vacant areas for the new buildings and selecting where to add buildings accordingly.
Finally, it is sometimes desired to specify a limit on the buildingto-land and tree-to-land ratios in different areas. For example, suppose that in some neighborhood only 15 percent of the area is covered by buildings and in the simulation the coverage should not exceed 20% of the area. In such a case, there is a need to specify the constraint and apply it when executing the simulation. This is done with respect to the coverage ratio of the type of selected area, e.g., see Fig. 5 . When no limits are specified on the buildingto-land ratio, the default is to add buildings in a way that preserves the proportions between the different building-to-land ratios in different areas. For example, if in area A 1 the building-to-land ratio is r 1 = 1/2 and in area A 2 it is r 2 = 1/4, then r 1 = 2r 2 , that is, a proportion of 1:2 between the building-to-land ratios. The aim is to preserve this proportion when adding new buildings.
When extending a building relation there is a need to specify the number of buildings to add, the name of the relation, the name of the height attribute and the area where buildings are added. For example, in the command ADD 100 TO Building WITH Building.height as HEIGHT LIMIT TO ST_Polygon((75 29.3 1,77 29 1, 77.6 29.5 1)); 100 buildings are added to relation Building whose height attribute is Building.height, limited to the area defined by the specified polygon. A similar extension command can be applied to a Tree relation, to add trees to particular areas.
Compute Urban Changes
We discuss now computation of Modify and Add commands.
Execute Modify
Command. When executing a Modify command, first the height histogram is computed. It is done by sorting the values in the height field and partitioning the sorted list into k bins, either with equal range or equal number of records per each bin, according to the command. Then, the Modify command is translated into a sequence of SQL Update commands, to update the heights.
The code for executing the MODIFY command is presented in Alg. 2. Iteratively, while there are two bins B i and B j such that in B i there are too many buildings and in B j there are not enough buildings, according to the target histogram, a random building is selected from B i and its height is updated to a random height in the height range of B j . This yields a sequence of update commands that produce the target height histogram. add to U 'UPDATE r b SET height=h new WHERE id=id b ;' 11: move building b from bin B i to bin B j , update δ i and δ j 12: end while 13: return U 4.3.2 Execute Add Command. Adding buildings (or trees) is done while taking into account the constrains in the geospatial model of the area. There is a need to compute the histogram of building height, the building-to-land ratio in different areas, and then to add buildings that do not intersect other buildings, roads, lakes, etc. The code is presented as Alg. 3 In Alg. 3, the first step is the computation of histograms for building height and building size. The area A may include subareas of different type. For each subarea, the histograms are computed independently, according to the type, e.g., having a different height distribution in a commercial subarea and in an industrial subarea. The height histogram is computed by sorting the building heights in the area and grouping into bins. Building-size histogram is computed similarly.
We want to select subareas according the size and the buildingto-land ratio. For example, if there are two subareas a 1 and a 2 with the same building-to-land ratio but where the size of a 1 is w times the size of a 2 , then we want the probability of selecting a 1 for a new building to be w times greater than the probability of selecting a 2 . Similarly, if a 1 and a 2 have the same size but the building-to-land ratio of a 1 is w times greater than the building-to-land ratio of a 2 then the probability of selecting a 1 should be w times greater than the probability of selecting a 2 . The computation of p i in Step 10 of Alg. 3 is according to this.
To select the location for a new building, in the selected subarea a i , the algorithm uses a partition of A into grid cells G. It iterates over the cells inside a i , starting at a random cell, to add buildings uniformly to the subareas. A rectangle is selected based on the size histogram of the subarea. If the rectangle R whose lower left vertex is in the iterated cell does not intersect any building or other constraint in the model, then a new building is added in area R. The height of the added building is selected according to the height histogram of the subarea.
The algorithm executes the building selection process m times, where m is the number of buildings to add. See Step 12. compute the building-to-land ratio ρ btl (a i ) 6: let vacancy i = ρ btl (a i ) · area(a i ) 7:
compute height histogram H h (a i ) with k bins 8: let H b−size (a i ) be the histogram of building sizes in a i 9: end for 10: p i = vacancy i s j=1 vacancy j 11: partition area A using a grid G of size n x × n y 12: for i = 1 to m do 13: found ← False 14: while not found do 15: select area a i with probability p i 16: select building size based on histogram H b−size (a i ) 17: let b x × b y be the selected building size in grid cells 18: uniformly select a grid cell (c ′ .x, c ′ .y) of G in area a i 19: for all grid cells in a i starting with (c ′ .x, c ′ .y) do 20: if a rectangle R = ((c ′ .x, c ′ .y), (c ′ .x + b x , c ′ .y + b y )) does not intersect any constraint in M, i.e., R ∩ C = ∅ for all C ∈ C then 21: select height h based on histogram H h (a i ) 22: add to B a building in rectangle R with height h 23: found ← True 
SYSTEM
Components. SimCT has the following components. The underlying database system is PostgreSQL (https://www.postgresql.org/) with PostGIS (https://postgis.net/). PostgreSQL provides an efficient storage of the data in relational tables. PostGIS supports the geospatial data types, geospatial indexes and a rich library of geospatial functions. The relations are indexed using a GiST index, for effective retrieval and intersection tests. The algorithms are written in Python. The system has a GUI based on Mapbox (https://www.mapbox.com/) and QGIS (https://qgis.org/).
Model Analysis.
A simulation uses a partition of the examined area into different land types. It analyzes the area to discover different ratios like building-to-land ratios. Table 1 presents the land partition in Atlanta, GA according to the OSM map we used. It shows area allocation per different usages and the percentage of the area covered by buildings or water. For example, commercial areas constitute 4.9% of the total analyzed area, where 12.4% of the commercial areas are covered by buildings and 0.26% are covered Table 1 : Land partition (percentages), percentage of the area covered by buildings and percentage of the area covered by water, in Atlanta, GA Figure 6 : Simulation of adding 100 buildings, depicted in green, to an area in Atlanta, GA (over OSM data).
by water. In the entire analyzed region, 5.1% of the area are covered by buildings and 1.82% are covered by water. Fig. 6 illustrates the results of a simulation of adding 100 buildings to an area in Atlanta, GA.
CONCLUSION
The fifth generation of cellular networks, namely 5G, uses highfrequency millimeter-wave radio transmissions to increase datatransfer rates. But millimeter-waves have a short range and they are affected by obstacles like buildings and trees. Hence, there is a need to carefully plan the locations of antennas and small cells, to achieve high coverage and high quality of service. Existing planning tools can suggest locations for antennas, but they do not take into account city evolution, where there are changes in the number, height and distribution of buildings and trees. In this paper, we introduced a simulation that allows testing the effect of urban evolution on the coverage and quality-of-service of 5G networks. We explained how to specify urban changes, compute these changes, and compute the coverage of the network for the given model. Future work includes simulating seasonal effects like foliage, rain and snow. It also includes taking into account the way people travel in the city (e.g., [3, 8] ) and models of city growth [23] .
